Olanzapine is an antipsychotic drug effective in the treatment of stress-associated psychiatric illnesses, but its effect on the spleen remains unclear. Vitamin C is essential for the optimum function of the immune system. We aim to investigate the effect of Olanzapine on spleen structures and to assess the protective effect of vitamin C. Forty adult male albino rats were divided into four groups: group (I), a control; group (II), rats were given vitamin C at 40 mg/kg body weight; group (III), rats were given Olanzapine at 2 mg/kg body weight; and group (IV), rats were given vitamin C and Olanzapine at the same dose of group (II) and group (III) for one month. The hematoxylin and eosin (H&E) of the olanzapine treated group showed focal areas of cellular depletion and a decrease in the size of the white pulp. The red pulp was expanded and showed marked congestion and dilatation of blood sinusoids. Cluster of differentiation 3 (CD3) was significantly reduced, however both tumor necrosis factor alpha (TNF-α), and vascular endothelial growth factor (VEGF) were significantly higher. The administration of vitamin C repaired structural and immunohistochemical changes via increased CD3 and decreased TNF-α and VEGF. Therefore, the oxidative and the inflammatory pathways may be the possible mechanisms underlying olanzapine immunotoxicity. Vitamin C exerted immune modulator and antioxidant effects against olanzapine.
Introduction
Olanzapine is one of the antipsychotic drugs used broadly in the treatment of psychotic conditions. It is also used as monotherapy or in combination with antidepressants to treat depressive illnesses [1] . The human therapeutic dose is 10-20 mg/day [2] . Few side effects have been reported for Olanzapine, such as severe pruritic skin eruption [3] . Some investigators observed that Olanzapine induced hepatic toxicity in few cases [4] . Olanzapine induces weight gain, insulin resistance, hyperglycemia, and dyslipidemia [5] . Adverse effects due to olanzapine appear to be dose-dependent [6] . Few studies on Olanzapine-induced alterations in the architecture of the spleen have been reported. The effects of lactation exposure to Olanzapine (4, 8 , and 10 mg/kg) on hematology, spleen, and thymus of mice neonates were investigated. Olanzapine has suppressed the lymphoid organs, such as the thymus and spleen, and decreased the number of follicles of the spleen [7] .
Olanzapine was studied in vitro and induced cytotoxic effects on cultured lymphocytes. Some researchers suggested that the cytotoxicity of this drug is associated with oxidative stress. Indeed, oxidative stress and the associated production of reactive oxygen species (ROS) have been An examination of H&E-stained sections of the Olanzapine-treated group (III) showed atrophied white pulp and massive vacuolations ( Figure 2A ). The white pulp revealed focal areas of cellular depletions ( Figure 2B ). Some cells appeared vacuolated, with fragmented nuclei in white pulp ( Figure 2C ). The red pulp was expanded and showed marked congestion of its dilated blood sinusoids and a massive hemorrhage ( Figure 2B ,E). Hemosiderin laden macrophages ( Figure 2D ) and thickening of splenic trabeculae were observed ( Figure 2E ). Spleen sections of the Olanzapineand vitamin C-treated group (IV) showed an apparent increase in the size of the lymphatic follicles in comparison to group (III). Preserved architecture of white pulp and red pulp with slightly dilated blood sinusoids was observed ( Figure 2F ). An examination of H&E-stained sections of the Olanzapine-treated group (III) showed atrophied white pulp and massive vacuolations (Figure 2A ). The white pulp revealed focal areas of cellular depletions ( Figure 2B ). Some cells appeared vacuolated, with fragmented nuclei in white pulp ( Figure 2C ). The red pulp was expanded and showed marked congestion of its dilated blood sinusoids and a massive hemorrhage ( Figure 2B ,E). Hemosiderin laden macrophages ( Figure 2D ) and thickening of splenic trabeculae were observed ( Figure 2E ). Spleen sections of the Olanzapine-and vitamin C-treated group (IV) showed an apparent increase in the size of the lymphatic follicles in comparison to group (III). Preserved architecture of white pulp and red pulp with slightly dilated blood sinusoids was observed ( Figure 2F ). The white and red pulp area percentage for all groups is represented in Figures 3 and 4 . There was a significant decrease (p < 0.001) in white pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant increase (p < 0.001) in the white pulp in the Olanzapine-and vitamin-C treated group (IV) compared with that of Olanzapine-treated group (III). There was a significant increase (p < 0.001) in red pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant decrease (p < 0.001) in the red pulp area percentage in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III). The white and red pulp area percentage for all groups is represented in Figures 3 and 4 . There was a significant decrease (p < 0.001) in white pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant increase (p < 0.001) in the white pulp in the Olanzapine-and vitamin-C treated group (IV) compared with that of Olanzapine-treated group (III). There was a significant increase (p < 0.001) in red pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant decrease (p < 0.001) in the red pulp area percentage in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III). The white and red pulp area percentage for all groups is represented in Figures 3 and 4 . There was a significant decrease (p < 0.001) in white pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant increase (p < 0.001) in the white pulp in the Olanzapine-and vitamin-C treated group (IV) compared with that of Olanzapine-treated group (III). There was a significant increase (p < 0.001) in red pulp area percentage in the Olanzapine-treated group (III) compared with the control group (I). There was a significant decrease (p < 0.001) in the red pulp area percentage in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III). . Area percentage of red pulp of spleens in group (III) (Olanzapine group) was significantly increased as compared to group (I) (control group). Group (IV) (Olanzapine and vitamin C) was significantly decreased as compared to group (III). The differences in area percentage of red pulp between the control group (I) and Vitamin C group (II) were not significant (p > 0.05). Results are expressed as mean ± SD and the level of significance was set for p-values less than 0.05. **: significant increase, group (III) versus group (I) (p < 0.001). *: significant decrease, group (IV) versus group (III) (p < 0.001).
CD3 Immunohistochemistry and Morphometric Results
The CD3 antibody recognized T cells by the cell membrane and cytoplasmic reactions. The immunohistochemical staining of CD3 cells in the spleen of control sections showed strong positive cells in the periarterial lymphatic sheath ( Figure 5A ). Strong staining in the vitamin C-treated group was detected ( Figure 5B ). There was a significant reduction in the CD3 immunopositive reaction in the periarterial lymphatic sheath in the Olanzapine-treated group ( Figure 5C ). The CD3 positive reaction was significantly increased in the Olanzapine-and vitamin C-treated group ( Figure 5D ), as compared with that of the Olanzapine-treated group ( Figure 5C ), but less than that of the control group ( Figure 5A ).
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The CD3 antibody recognized T cells by the cell membrane and cytoplasmic reactions. The immunohistochemical staining of CD3 cells in the spleen of control sections showed strong positive cells in the periarterial lymphatic sheath ( Figure 5A ). Strong staining in the vitamin C-treated group was detected ( Figure 5B ). There was a significant reduction in the CD3 immunopositive reaction in the periarterial lymphatic sheath in the Olanzapine-treated group ( Figure 5C ). The CD3 positive reaction was significantly increased in the Olanzapine-and vitamin C-treated group ( Figure 5D ), as compared with that of the Olanzapine-treated group ( Figure 5C ), but less than that of the control group ( Figure 5A ). The mean optical density of CD3 expression for all groups is represented in Figure 6 . There was a significant decrease (p < 0.001) in CD3 expression in the Olanzapine-treated group (III) compared with that of the control group (I). There was a significant increase (p < 0.001) in CD3 expression in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III). The mean optical density of CD3 expression for all groups is represented in Figure 6 . There was a significant decrease (p < 0.001) in CD3 expression in the Olanzapine-treated group (III) compared with that of the control group (I). There was a significant increase (p < 0.001) in CD3 expression in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III) 
TNF-α and VEGF Immunohistochemistry and Morphometric Results
Immunostained control sections of TNF-α showed a positive cytoplasmic reaction within the cells of the red pulp, with negatively stained white pulp ( Figure 7A ). The TNF-α immunopositive reaction of vitamin C sections revealed a similar staining pattern to the control group ( Figure 7B ). Increased immunoreactivity in the red pulp and no staining in the white pulp of the Olanzapine-treated group sections were observed ( Figure 7C ). The Olanzapine-and vitamin C-treated group revealed decreased immunostaining in the red pulp ( Figure 7D ) than that of the Olanzapine-treated group, but more than that of the control group ( Figure 7A) .
VEGF-immunostained control sections showed a positive reaction in the endothelial cells lining the sinusoids of the red pulp ( Figure 8A ). The vitamin C group showed a similar immunopositive reaction ( Figure 8B ) to the control group. An examination of the Olanzapine-treated group sections revealed a marked increase in immunoreactivity identified as brown cytoplasmic staining within the endothelial cells lining the venous sinuses ( Figure 8C ). The Olanzapine-and vitamin C-treated group sections revealed decreased immunopositivity in the endothelial cells of venous sinuses ( Figure 8D ) as compared to olanzapine. . The optical density of CD3 in the spleens of group (III) (Olanzapine-treated group) was significantly decreased as compared to group (I) (control group). A significant increase in group (IV) (Olanzapine and vitamin C) as compared to group (III). The differences in optical density between group (I) and group (II) were not significant (p > 0.05). Results are expressed as mean ± SD and the level of significance was set for p-values less than 0.05. **: significant decrease, group (III) versus group (I) (p < 0.001). *: significant increase, group (IV) versus group (III) (p < 0.001).
Immunostained control sections of TNF-α showed a positive cytoplasmic reaction within the cells of the red pulp, with negatively stained white pulp ( Figure 7A ). The TNF-α immunopositive reaction of vitamin C sections revealed a similar staining pattern to the control group ( Figure 7B ). Increased immunoreactivity in the red pulp and no staining in the white pulp of the Olanzapine-treated group sections were observed ( Figure 7C ). The Olanzapine-and vitamin C-treated group revealed decreased immunostaining in the red pulp ( Figure 7D ) than that of the Olanzapine-treated group, but more than that of the control group ( Figure 7A ).
VEGF-immunostained control sections showed a positive reaction in the endothelial cells lining the sinusoids of the red pulp ( Figure 8A ). The vitamin C group showed a similar immunopositive reaction ( Figure 8B ) to the control group. An examination of the Olanzapine-treated group sections revealed a marked increase in immunoreactivity identified as brown cytoplasmic staining within the endothelial cells lining the venous sinuses ( Figure 8C ). The Olanzapine-and vitamin C-treated group sections revealed decreased immunopositivity in the endothelial cells of venous sinuses ( Figure 8D ) as compared to olanzapine. The mean area percentage of TNF-α and VEGF expression for all groups is represented in Figures 9 and 10 . There was a significant increase (p < 0.001) in TNF-α and VEGF expression in the Olanzapine-treated group (III) compared with that of the control group (I). There was a significant decrease (p < 0.001) in TNF-α and VEGF expression in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III), but more than that of the control group. The mean area percentage of TNF-α and VEGF expression for all groups is represented in Figures  9 and 10 . There was a significant increase (p < 0.001) in TNF-α and VEGF expression in the Olanzapine-treated group (III) compared with that of the control group (I). There was a significant decrease (p < 0.001) in TNF-α and VEGF expression in the Olanzapine-and vitamin C-treated group (IV) compared with that of the Olanzapine-treated group (III), but more than that of the control group. . Area percentage of TNF-α of spleen in group (III) (Olanzapine-treated group) was significantly increased compared to group (I) (control group). A significant decrease in group (IV) (Olanzapine and vitamin C) as compared to group (III). The differences in area percentage of TNF-α between group (I) and group (II) were not significant (p > 0.05). Results are expressed as mean ± SD and the level of significance was set for p-values less than 0.05. **: significant increase, group (III) versus group (I) (p < 0.001). *: significant decrease, group (IV) versus group (III) (p < 0.001). 
Discussion
The morphometric analysis of the spleen in the present study showed a decreased area percentage of white pulp in the Olanzapine-treated group, suggesting immune response alterations in these animals. The loss of white pulp and reduction in splenic lymphocytes may be via apoptosis, which was confirmed by the presence of fragmented nuclei in some cells. Some investigators suggested that white pulp atrophy is one of the most common findings following certain immunosuppressive drugs and are accompanied by the reduced capability of the animal's immune system to produce antibodies [21] . 
The morphometric analysis of the spleen in the present study showed a decreased area percentage of white pulp in the Olanzapine-treated group, suggesting immune response alterations in these animals. The loss of white pulp and reduction in splenic lymphocytes may be via apoptosis, which was confirmed by the presence of fragmented nuclei in some cells. Some investigators suggested that white pulp atrophy is one of the most common findings following certain immunosuppressive drugs and are accompanied by the reduced capability of the animal's immune system to produce antibodies [21] .
Regarding the histological changes in the present study, the Olanzapine-treated rats showed focal areas of cellular depletion in the white pulp and large congested blood vessels. Oxidative stress may be the most serious component in the pathophysiology and toxicities related to antipsychotic treatments [22] . A study from a rat model proposed that alterations and cytotoxicity of olanzapine in the liver cells were started by an over-production of ROS, which led to mitochondrial collapse and lysosome membrane leakage. Furthermore, it resulted in decreased lipid peroxidation and glutathione depletion and finally cell lysis [23] . Some investigators reported that oxidative inflammatory mechanisms have been hypothesized to perform a role in the onset of metabolic adverse effects related to olanzapine administration [24] . Olanzapine treatment of macrophages elevated superoxide and ROS, such as hydrogen peroxide, these findings suggest that olanzapine may lead to mitochondrial dysfunction [25] .
The effects of lactational exposure to olanzapine on hematology and lymphoid organs in mice neonates were studied [7] . They reported that follicular size, germinal centers, and size of splenocytes were decreased in both white and red pulp. The density of splenocytes in the white pulp, with darkly stained apoptotic lymphocytes, was observed. Moreover, the area of red pulp was increased, with an increased number of splenic sinuses and hematopoietic cells. They attributed these changes to corticosteronemia and hyperprolactinemia [7] .
The vacuolar degeneration observed in the parenchyma of the spleens treated with Olanzapine was consistent with other researchers, who suggested that silver nanoparticles induced autophagosomes containing cellular debris, disintegrated materials, lipid droplets, and changed intracellular homeostasis [26, 27] .
Hemosiderin laden cells were observed in the red pulp of the Olanzapine-treated group. Splenic macrophages were activated to eradicate old and broken erythrocytes and hemosiderin deposits were the most common pigments in these macrophage [28] .
The thickened trabeculae observed in the Olanzapine-treated group might allow the spleen to contract and expel the stored extra erythrocytes from the congested sinusoids. The increased thickness of trabeculae could be caused by increased fibrogenesis secondary to oxidative impairment. Lipid peroxidation might prompt and sustain an inflammatory response in which macrophages intermingle with matrix-producing cells, leading to an extension of the fibrotic tissue component. Moreover, it could induce over-expression of the key molecules in the mechanisms of fibrosis, called fibrogenic cytokines, and elevate the transcription and translation of collagen [29] .
The alterations in T-lymphocyte levels in response to Olanzapine administration here may reflect Olanzapine-induced immunotoxicity. There was a significant reduction in the CD3 immunopositive reaction in the white pulp of the Olanzapine-treated rats. The administration of vitamin C with Olanzapine (IV) increased the CD3 immunopositive reaction. Olanzapine also induced a decrease in CD3 T-lymphocytes in the splenic periarterial lymphatic sheath. The co-administration of vitamin C treatment allowed for a renovation of these cells and a restoration of the periarterial lymphatic sheath. These were also confirmed by the morphometrical results. The current results could be due to oxidative stress induced by olanzapine. Consistent with our results, aluminum-induced oxidative stress decreased the number and density of T-lymphocytes in the spleens of pregnant rats [30] . In addition, the oxidative stress induced by monosodium glutamate, a flavor enhancer, could be responsible for the reduction in T-lymphocytes [31] .
The present findings of increased TNF-α in the Olanzapine-treated group may thus appear inconsistent with previously published research. Olanzapine administration for five weeks resulted in an increase in the TNF-α levels in rat adipose tissue and the hypothalamus [32] . Ali Khalifa and Gouda suggested that anti-TNF-α was significantly increased in the spleens of rats after exposure to radiation. Moreover, the principle mechanism of apoptosis occurs via the stimulation of DNA single strand breaks and, to some extent, via triggering of TNF-α [33] .
The vascular endothelial growth factor is a cytokine involved in angiogenesis and neurogenesis. It appears as a putative factor in the pathogenesis of stress-related syndromes and the effectiveness of antidepressant therapy [34] . A significant increase in the VEGF of the Olanzapine-treated group is in agreement with a previous investigation, which proved that the antidepressants increase VEGF levels in the animal models of depressive-like behavior [35] . In addition, stress elevated VEGF mRNA expression in all studied neural structures [36] .
In the current work, the administration of vitamin C with Olanzapine ameliorated the histological changes induced by Olanzapine. This improvement included the restoration of splenic architecture, with a significant increase in CD3 and decrease in TNF-α and VEGF. In agreement, ascorbic acid is a significant key player in both the development and function of T-cells regulation [37] . Ascorbic acid is one of the most vital oxidative scavengers in extracellular fluids [12] . Using electron spin resonance spectroscopy, other investigators have studied the effects of some antipsychotics, including Olanzapine, on the formation of ROS in the whole blood of rats. Also, to test vitamin C's protective capability, they incubated the highest concentration of Olanzapine with vitamin C. They found that Olanzapine induced the formation of ROS in the whole blood of rats, which can be decreased by the use of vitamin C [38] . The vitamin C readily scavenges ROS and RNS, such as hydroxyl, superoxide, singlet oxygen, peroxynitrite, nitroxide radicals, peroxyl, and hypochlorite [39] . Vitamin C has a number of biological activities that could possibly contribute to its immune modulating properties. It is one of the most effective antioxidants, due to its capability to readily donate electrons, therefore protecting proteins, carbohydrates, lipids, and nucleic acids from damage by oxidants produced during normal cell metabolism and/or exposures to toxins [40] .
Conclusions
The current study supported the results of previous studies. It can be assumed that Olanzapine has adverse effects on spleens, as indicated by histological and immunohistochemical changes. Olanzapine exerted damage in the spleen associated with a reduction in CD3+ and increased TNF-α and VEGF. Our findings highlight the potential for the use of vitamin C as an additional therapeutic approach in the prevention of the oxidative and inflammatory effects generated by Olanzapine. Vitamin C can be used as a therapeutic agent against immune toxicity by scavenging the free radical production induced by Olanzapine. Adequate intake of vitamin C is essential for human health, as it assists immune responses and plays a role as an antioxidant. Further studies should be carried out to determine the exact mechanisms of vitamin C to improve the quality of life for patients treated with Olanzapine.
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